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Abstract: We present an ultra compact and high resolution free space optical spectrometer and demonstrate it

by using FDTD simulations. The miniature interferometer-based spectrometer is a series of submicron phase

objects on a polymethyl methacrylate( PMMA) film with a CCD as the detector. The spectrum is obtained by

solving a system of simultaneous linear equations. The Tikhonov regularization method is used to achieve a res-

olution at the picometer level. Compared with conventional spectrometers, the proposed device is low-cost and

easy to fabricate due to its simple structure. Furthermore, its compact feature renders the device ideal for min-

laturization and integration as the systems in microfluidics architectures and lab-on-chip designs.
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1 Introduction

Absorption spectroscopy is an established method for
the detection and analysis of chemical and biological
samples extensively used in a wide range of industri-

130 Fourier

al and research oriented applications
transform spectroscopy is one of the numerous spec-
troscopy techniques, distinguished by its unprece-
dented spectral discrimination paired with the inher-
ent sensitivity“i . However current Fourier transform
spectrometers , particularly those using scanning mir-
ror mechanisms, do not fulfill the requirements of a

small and easy-to-use sensor. Because such a com-

pact and real — time operating analyzer could be used
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for monitoring the quality of e. g. gasoline at gas sta-
tions, the quality and consistency of products(e. g.
food and drug industry) , the safety in fermentation
environment( CO, ) , and many other out-of-the lab
applications. Grating based spectrometers have po-
tentially more commercial market applications due to
their small size”®’ | but it also suffers disadvantages
of low spectral resolution and expensive price.

In order to overcome the limitations of tradition-
al devices and explore a more economical, compact
and high performance spectrometer, we propose a
novel interferometer-based spectrometer. The design
process of the new device requires only the solution
of a linear system. The miniature spectrometer has

the combined advantages of low cost, small size and

Foundation item;supported by the Hong Kong Research Grants Council under CERG project # 411907 and #412208 ; Nation-
al Basic Research Program of China(973) (No.2009CB930600) .
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high resolution. lts polymer structure can be built on
a chip using existing fabrication technologies such as
molding with the help of Focused lon Beam(FIB) or
Electron Beam Lithography ( EBL) , so the device is

straightforward to fabricate.

2 Operating principle of spectrometer

As shown in Fig. 1, the design contains an interfer-
ometer array attached to a CCD chip. Each interfer-
ometer has two PMMA stages with a PMMA film as
the substrate. The CCD pixel works as a detector be-
neath the PMMA substrate for each interferometer.
Considering the Signal-to-Noise Ratio(SNR) and the
sensitivity, we only use part of a CCD pixel as the
detector for an interferometer by shading the remai-

ning part.

e
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Fig.1  Schematic of the optical spectrometer.

We enlarge the cross-section of the interferome-
ter in Fig. 2 to demonstrate the principles of the
device. When a plane wave illuminates the surfaces
of the interferometer, the incoming beam is divided
into two parts by the two stages of the interferometer.
Because the height of each stage is different, the
phase of each beam portion is separately delayed.
When the two beam portions with different phase
changes merge again, interference occurs and the in-
terference intensity is measured by a CCD pixel un-
derneath.

The detected intensity contains the spectral in-

formation. Since each frequency component in the
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Fig.2 Cross-section of the optical interferometer.

incoming beam corresponds to a unique phase differ-
ence of the two beam portions, the total intensity re-
ceived by each CCD pixel, which results from the
superposition of the interference signals from all the
frequency components in the beam, should also be

unique.

Source spectrum/(W/Hz)

¥ A A
Frequency/Hz

Fig.3  Source spectrum used in simulation.

If the incoming beam is uniformly divided into
,f. with width Af

as shown in Fig. 3, the total power of the incoming

n frequency components f,, f,, -

beam can be calculated approximately by using inte-

gral calculus assuming n is large enough, i. e.
Py = P(f)Af + P(L)Af + - + P(f,) &,

(1)
where P(f,) is the spectrum amplitude of f,. After
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passing through the interferometer, the measured
power can be represented by
P = C.P(fi)Af + C,P(fL)Af + -

+ C,P() A, (2)
where C,,C,,---,C, are transmission coefficients for
the frequency parts f,, f>, *--,f,, respectively.

If the incoming beam illuminates n interferome-

ters, a series of powers can be measured by the CCD

array as follows

P, = Cllp<fl)Af+ Clzp<f2)Af+
+CL, P A
p, = Czlp(fl)Af"' szp(fz)Af"'

+ C271P(f;l>Af'
Pn = Can(f‘l)Af-l- CnZP(.f2>Af+ e
+C,.P(f,)Af (3)
Therefore, given the transmission coefficients

and the powers from different CCD pixels, i. e.

Cn Clz Cln
o S B
C C

nl Cn,Z
Pl
P

A=|" (5)
Pn

we obtain a linear system

CX = A, (6)

nn

where
P(fy) - Af

P(f.) - Af
Consequently, the spectrum of the incoming
beam can be obtained by fitting P(f,), P(f,), -,
P(f,) , which are the elements of the matrix
P(f))

P(f)

X = X/Af = (8)

P(f,)

Because the transmission coefficients can be de-
termined by simulation or measurements, the spec-
trum reconstruction is the solution to Eq. (6). How-
ever, any data errors in the matrix A due to the lim-
ited signal-to-noise ratio( SNR) make this linear sys-
tem poorly defined. Tt is then difficult to solve such
a large system of linear equations by using atandard
non-stationary iterative methods within the MATLAB
environment. Here, we use the Tikhonov regulariza-
tion method'®’ to solve Eq. (8).

The reconstruction normally takes about 1 s
when n =2 000, so it enables real-time measurement
for many applications. Although the fast Fourier
transform ( FFT) would require less time, its re-
quirements are difficult to satisfy because beam por-
tions coming from the two stages of an interferometer
are not uniform in intensity due to the confinement
and absorption of the waveguide. At the same time,
partial interference of the two beam portions due to

the structure layout also makes the FFT unfeasible.

3  Simulation results and discussion

We have performed a series of 2D simulation experi-
ments by varying the height of one stage from 0 to 10
microns as demonstrated in Fig. 2. FDTD solutions
( Lumerical Solutions, Inc) with a minimum 8 nm
mesh size are used to study the interferometer struc-
ture. In order to smooth out edge effects'”’, we use
a plane wave source that acts as a total-field scat-
tered-field ( TFSF ) source with perfectly matched
layer( PML) boundaries. The values in C and A can
be obtained from a frequency domain power monitor
by a series simulation experiments and the initial da-
ta can be analyzed by MATLAB.

Fig. 4 shows the final results on the comparisons
between the reconstructed and original spectra with
different values of o which is the data error of A. In
the figures, the solid lines are the original source
spectrum; the dash lines are the reconstruction spec-

trum when « is equal to 1 x 10°%; and the dotted



14

YANG T,et al. ;Ultra compact and high resolution spectrometer based --- 41

lines are the reconstruction spectrum when « is
equal t0 3.5 x107". In Fig. 4 (a) and Fig. 4(b),
the dash lines almost coincide with the solid lines so
that they are successful reconstructions. But the dot-
ted line does not fully cover the solid line in Fig. 4
(b), which means o =3.5 x 10 " is not a suitable
parameter for this ill-posed problem. In Fig.4(c¢),
neither the dotted line nor the dash line exactly cov-
ers the solid line. We can not reconstruct a perfect

spectrum no matter how the value of « is chosen.
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Fig.4 Reconstruction with different values of a.

The simulation results also indicate that our de-

vice has the potential to achieve a very high resolu-
tion. Fig.4(a) represents 2 000 frequency compo-
nents that are reconstructed in the range from
250 THz to 300 THz, so the resolution is 25 GHz in
frequency or 0. 083 3 nm in wavelength; Fig. 4(b)
represents 1 000 frequency components are recon-
structed in the range from 750 THz to 760 THz, so
the resolution is 10 GHz in frequency or 5. 19 pm in
wavelength; Fig. 4 (¢) represents 1 000 frequency
components are reconstructed in the range from
750 THz to 755 THz. The frequency interval is even
narrower, but distortion occurs. It is not a problem
to solve for 2 000 or even more linear equations by
using the Tikhonov regularization method. The limit
of the resolution mainly depends on the sensitivity
and the SNR of the CCD pixels in the experiments or
the significant digits kept for values in simulation

and calculation.
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Fig.5 Reconstruction of the original spectrum.

However, we also can investigate whether the

shape of the original spectrum itself can affect the
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good reconstructed spectrum which we can get. If
there are a lot of zeroes in the original spectrum and
the resolution is close to the limit, distortion may
occur. The spectra in Fig.4(a) and Fig.5(a) have
the same resolution and frequency range, so both of
them represent successful reconstructions. However,
the spectra in Fig. 4(b) and Fig. 5(b) also have the
same resolution and frequency range while there are
more zeroes in the original spectrum, as shown in
Fig.5(b), where an obvious distortion occurs be-

cause the resolution is close to the limit.

4 Other design considerations

One may also think about the crosstalk between the
two interferometers. In the above simulation, the
interferometers are studied individually assuming that
they are optically isolated. The illumination width of
the incoming beam is only 3.5 pm in the above
simulation that is sufficient enough to cover the
major structure of the interferometer. However,
Fig. 1 indicates that the interferometers should be as-
sembled in an array configuration. In order to de-
crease the crosstalk between them, we need to sepa-
rate the interferometers sufficiently. The distance be-
tween the two adjacent interferometers is 10 pm, so
that a 1 000 x 1 000 array only occupies 1 cm’.
Therefore , the crosstalk problem can be solved by u-
sing a large enough spacing. In the following simula-
tions, we set a =1 x107* and keep the illumination
width at 10 pm for one interferometer as shown in
Fig. 6. In order to explore the effects of Beam C and
Beam D in Fig. 6, we reconstruct the same spectrum
as shown in Fig. 4 (a) and Fig. 4(b) with 10 um
interval and show the results in Fig. 7. By comparing
Fig.7 (a) with Fig. 4 (a) and Fig. 7 (b) with
Fig.4(b) , we find all the corresponding simulations
are almost identical. The original and reconstructed
plots almost overlap with each other, so it can be
concluded that the side illumination has little influ-

ence on the accuracy of reconstructions.
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Fig. 6  Optical interference effect with side illumina-

tion.

1.0 : : : :

0sl n=2000 |
3 06f ]
S
E
£ 04f 1
% original spectrum
o 02r . 1

- - -« reconstruction SpeCtrUm
0.0 . . . A
250 260 270 280 290 300
Frequency/THz
(@)

1.0

0.8 1
3
£ 0.6f 1
5
3 0.4 1
=
A -

0.2 original spectrum

- - - reconstruction spectrum
0.0 . . . A
750 752 754 756 758 760
Frequency/THz
(b)
Fig. 7 Reconstruction with a large space interval

(10 wm).

We also explore other structures for the interfer-
ometer. Considering the difficulty in the fabricating
of the extruded arrays, it would be simpler to adopt

inverted pit structures. Both the extruded and the
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Incoming beam pits can generate the required phase delay, so they
N can be used to realize the same function. The main
I . : -
I O T T O advantage of the pit structure is that it is much easy
B A A A . _ _
2.5um to fabricate with current optical storage technology,
=
5 O i. e. we can fabricate the pit array with a model sim-
0-3.2 um ilar to the fabrication of CDs and DVDs. In order to
3.5um
LAuLAE further simplify the structure, we can just use one
Ladi pit for an interferometer as shown in Fig. 8, because
Part of a CCD pixel = 0.1 um 10 a single pit is sufficient to achieve the phase differ-
I | nm
ence. Fig. 9 shows the reconstructed results of the
Fig.8 Pit structure of interferometer. simulation. However, in contrast to Fig. 9 (a),
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Fig.9 Reconstruction for pit structure.

lution down to the picometer level. For a relatively
simple structure, the proposed device is low-cost

and easy to fabricate.
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